Tuberculosis, a major health problem in the developing world, is still recognized as a continuing problem even in developed countries. Nontuberculous mycobacteria, the pathogenic potential of which is weaker than that of Mycobacterium tuberculosis, can also cause clinically serious infectious diseases (11). Conventional bacteriological determination of the mycobacterial species takes 3 to 8 weeks for culture and another 2 to 4 weeks for final identification by biochemical analyses. DNA-RNA hybridization assay is a new approach for identifying mycobacterial species by genotype, which reduces the time required for identification at the species level. DNA probes specific for rRNA of the M. tuberculosis complex, M. avium, and M. intracellulare have been introduced into clinical bacteriology (9, 16). PCR for mycobacterial DNA has also been developed for direct detection and identification of the mycobacterial species in clinical samples (4-6, 19, 21, 30, 32, 40) . We recently reported a genus-specific PCR for the mycobacterial d n d gene (35) . The dnaJ gene is a stress protein-coding gene, and is highly conserved among bacterial genera (8, 41) . In this study, we present the nucleotide sequences of the amplified dnaJ genes from 19 mycobacterial species and show that the dnaJ gene sequences are useful not only for identification of mycobacterial species but also for inferring their phylogenetic relationship.
A fundamental taxonomic division of mycobacteria has been based on growth rate and pigmentation. By these criteria, the genus Mycobacterium has been divided into four Runyon groups: group I, the photochromogenic species of slow growers; group 11, the scotochromogenic species of slow growers; group 111, the nonphotochromogenic species of slow growers; and group IV, the rapid growers (24, 25) . Further attempts to subdivide the mycobacterial species have been made using immunological techniques (38), comparison of cell wall components (15), and DNA-DNA hybridization (2, 3, 10, 12) , but these provide little phylogenetic information. Recently, nucleotide sequence comparison of the 16s rRNA genes was systematically used to infer phylogenetic relationships among the mycobacteria (20, 23, 34) . However, the phylogeny based on the 16s rRNA gene did not reflect Runyon's classification of slowly growing mycobacteria in all cases. To clarify the relationship between the Runyon groups and the phylogeny of mycobacterial species, the nucleotide sequences of various genes must be compared. In particular, nucleotide sequences of a proteincoding gene should provide new insights into phylogenetic relatedness among mycobacteria.
In this study, we present the nucleotide sequences of the d n d gene from 19 mycobacterial species and their phylogenetic relationships. We also demonstrate that, when combined with the restriction fragment length polymorphism (RFLP) analysis following amplification, the PCR assay for the dnaJ gene should provide a clinically useful method of detecting and identifying mycobacteria.
MATERIALS AND METHODS
Bacterial strains. Bacteria examined in this study are listed in Table 1 . They were obtained from the National Institute of (33) . PCR. We earlier reported the development of PCR primers for detecting the d n d g e n e of mycobacteria (35) . Briefly, primer set 1 could successfully amplify the dnaJ gene of 18 mycobacterial species as a 236-bp DNA fragment (5'-GGGT CCTT-3'). To amplify the d n d gene of M. chelonae, primer set 2 was used for the PCR (5'-AGAGGGGGTGACGCGA primers were synthesized on a 380A DNA synthesizer (Applied Biosystems, Foster City, Calif.) with P-cyanoethyl phosphoramidite chemistry. All solutions and Taq DNA polymerase were purchased from Perkin-Elmer Cetus (GeneAmp kit; Perkin-Elmer Cetus, Norwalk, Conn.). For the PCR assay, all reactions were performed according to the conventional method with a final volume of 50 pl containing 100 ng of purified DNA from various bacterial strains, IX reaction buffer (GeneAmp), 200 pM deoxynucleoside triphosphate mixture, 50 pmol of each primer, and 1 U of Taq polymerase (26) . Amplification was carried out by 38 cycles on a programmable thermal cycler (Perkin-Elmer Cetus). Each cycle was performed with heat denaturation at 94°C for 30 s, primer annealing at 65°C for 1 min, and extension at 72°C for 2 min. Extensive care was taken during the experiment to avoid DNA contamination (13).
Nucleotide sequence analysis of the amplified PCR products. The identity of the amplified DNA with the target sequences of the dnaJ gene was confirmed by nucleotide sequencing analysis which was performed by the dideoxy chain termination method (29) following subcloning of the PCR products into M13mp18. Briefly, the amplified DNA fragment was purified by extraction from agarose gel after electrophoresis and treated with T4 DNA polymerase and Klenow fragment (Toyobo, Osaka, Japan) for blunt-ending (28) and then ligated into SmaI-digested M13mp18. We determined the nucleotide sequences by using at least four subclones to eliminate any incorrect sequences caused by misincorporation of nucleotides during PCR.
GACGCGGCATGGCCCA-3', 5'-CGGGTTTCGTCGTACT CATG-3', 5 '-TCGTCGTACTCCTTGCGCTT-3 '). All PCR Phylogenetic analysis. The nucleotide sequences of the amplified dnaJ genes from 19 mycobacteria were used for all pairwise comparisons. They were aligned by using the multisequence alignment algorithm in the program package Clustal V. Phylogenetic relationships were inferred by two kinds of distance matrix methods. One was inferred by the neighbor-joining method (27) , and the other tree was constructed by unweighted pairwise grouping method of arithmetic average (UPGMA) (36) . To indicate topological errors in the unrooted tree by the neighbor-joining method, we used the bootstrapping technique (7), which involves resampling points from one's own data with replacements, to create a series of bootstrap samples of the same size as the original data. We used 1,000 bootstrap replicates and evaluated the topology of the tree. A phylogenetic relationship based on deduced dnaJ amino acid sequences from 19 mycobacterial dnaJ gene fragments was also inferred by the neighborjoining method.
PCR-RFLP analysis. Five microliters of the amplified PCR products was digested with SmaI, NaeI, HinfI, and FokI according to manufacturers' instructions. After digestion, the reaction mixtures were electrophoresed on 3.5% Nusieve agarose gel and visualized by UV fluorescence.
RESULTS

Amplification of d n d genes.
We already reported primer development of the PCR for the dnaJ genes of mycobacteria (35) . The PCR for the dnaJ gene with primer set 1 gave rise to a 236-bp fragment in 18 tuberculous and nontuberculous mycobacterial species (Fig. 1) ; M. chelonae could only be successfully amplified to a 225-bp fragment with primer set 2. The 44 nonmycobacterial species frequently isolated from the respiratory system were also subjected to amplification but did not show any amplified DNA fragments (data not shown).
Nucleotide and amino acid sequences of d n d genes from 19 mycobacterial species. Nucleotide sequences of gene segments of the dnaJ gene were determined for 19 mycobacterial species by the dideoxy termination method. The nucleotide and deduced amino acid sequences of the dnaJ genes of those mycobacteria are shown in Fig. 2 . Among the tuberculosis complex species, such as M. tuberculosis, M. bovis, M. bovis BCG, M. afncanum, and M. microti, the nucleotide sequences of the amplified dnaJ genes were completely identical. There were two characteristic differences in the nucleotide sequences of the amplified dnaJ genes of the M. tuberculosis complex and the nontuberculous mycobacterial groups. First, nucleotides from positions 1415 to 1417 (AGG) of the M. tuberculosis dnaJ gene were substituted at the first letter (A to C) and the third letter (G to T, A, or C) of the codon without amino acid changes in nontuberculous species. Second, nucleotide position 1442 was substituted from C to A in the nontuberculous species, leading to one amino acid change from Gln to Lys (Q to K). These distinctive features make the M. tuberculosis complex distinguishable from nontuberculous mycobacteria. Nontuberculous mycobacteria could be further classified into several major groups based on unique substitutions both at the nucleotide and amino acid levels. M. kansasii, M. marinurn, M. gastri, and M. chelonae showed three unique substitutions at amino acid levels which were not found in other species: at residue 31, Tyr to Ala (Y to A); at residues 34 to 37, Ala-Arg-Asp-Leu to Leu-Ala-Glu-Asn (ARDL to LAEN); and at residues 59 to 60, His-Asn to Lys-Glu or to Lys-Asp (HN to KE or KD). M. scrojidaceum, M. szulgai, (24, 25) . The PCR products were analyzed on 3.5% Nusieve agarose gel by electrophoresis. and M. gordonae, all of which belong to Runyon's group 11, showed several unique amino acid substitutions at residue 24, Glu to Lys (E to K); residue 28, Arg to Thr (R to T); residue 35, Arg to Ser (R to S); residue 41, Ala to Lys (A to Kj; residues 48 and 49, Ala-Gly to Gly-Ala (AG to GA); residues 59 and 60, His-Asn to Tyr-Ser (HN to YS); and residue 65, Pro to Glu (P to E). Nucleotides from positions 1535 to 1543 were found to be deleted in M. scrofulaceurn, M. szulgai, and M. gordonae.
Phylogenetic tree of mycobacterial species derived from dnuJ gene nucleotide sequence analysis. Table 2 summarizes the similarities of the nucleotide sequences among the mycobacterial d n d genes. As expected, M. avium and M. intracellulare showed a great similarity (94%). M. aviurn and M. paratuberculosis were almost identical (99%). Similarity betweenM. kansasii andM. gordonae was the lowest among all of the pairwise comparisons (62%).
The phylogenetic relationship of mycobacterial species was inferred by the neighbor-joining method and UPGMA based on the nucleotide differences of the dnaJ gene. The neighbor-joining method gives a topological relationship among the mycobacterial species without taking account of the evolutionary rate. Nineteen mycobacterial species were used for construction of a phylogenetic tree (Fig. 3, top) . The tree showed three clusters: the first consisted of the M. tuberculosis complex, M. avium, M. intracellulare, M. xenopi, M, sirniae, M. hemophilurn, and M. paratuberculosis; the second cluster consisted of M. kansasii, M. gastri, M. marinurn, and M. chelonae; and the third cluster consisted of M. scrojklaceurn, M. gordonae, M. szulgai, and M. fortuiturn. We found that the phylogenetic relationship derived from the d n d gene sequence analysis was in good agreement with Runyon's traditional classification in slowly growing mycobacteria, but there was an exception: M. simiae (Runyon's group I) showed a closer relationship to M. avium and M. intracellulare (Runyon's group 111) than other members of Runyon's group I, such as M. kansasii or M. gastri, in our phylogenetic analysis. The rapidly growing mycobacteria, M. chelonae and M. fortuiturn, did not form a coherent line like the slowly growing mycobacteria.
A rooted phylogenetic tree was constructed by using UPGMA based on the similarity values in Table 1 . The tree inferred by UPGMA indicated that mycobacterial species were derived from a common ancestor and then diverged into two branches. The first branch consisted of M. kansasii, M. rnarinum, M. gastri, and M. chelonae. The second branch containing 15 out of 19 mycobacteria immediately diverged into two branches. As a result, the tree was made up of three major clusters, showing that a topological relationship by UPGMA was similar to that inferred by the neighbor-joining method except for the line consisting of M. hernophilurn (Fig. 3, bottom) .
By the neighbor-joining method (Fig. 3, top) , only short nucleotide sequences of the d n d gene were aligned. Thus, to evaluate the reliability of the phylogenetic tree inferred by this method, we also used the bootstrap method. The values in the phylogenetic tree represent bootstrap probabilities. The evolutionary relationship consisting of three branches was statistically significant, because the bootstrap probabilities for occurrence of a tree with three branches were not less than 0.95.
Phylogenetic relationship based on deduced dnuJ amino acid sequences. To further test our proposed phylogenetic relationship and its relationship to the conventional classification, we constructed a phylogenetic tree derived from dnaJ amino acid sequence analysis by the neighbor-joining method. As shown in Fig. 4 , the topological relationship inferred from the dnaJ amino acid sequence differences was very similar to that based on the d n d gene nucleotide sequences.
PCR-RFLP analysis for differentiation of mycobacterial
species. The nucleotide sequences of the d n d gene which were amplified by PCR revealed several unique endonuclease restriction sites for 19 mycobacterial species (Fig. 5) , indicating that the restriction mapping of the PCR products can provide a convenient method to classify the mycobacterial DNA without nucleotide sequencing. For instance, the d n d gene of M. tuberculosis in the region between sequence positions 1394 and 1629 has one SrnaI site and one NaeI site.
The M. aviurn d n d gene in the same region has a single SmaI site and no NaeI site. From these observations, we felt that the mycobacterial species might be discriminated by RFLP analysis of the amplified dnaJ gene. RFLP by SmaI, NaeI, HinfI, and FokI digestion of the PCR products is shown in Fig. 6 . From the PCR-RFLP analysis, 19 species could be discriminated as 10 groups. In particular, clinically important major mycobacteria, such as M. tuberculosis, M. aviurn, M. intracellulare, and M. kansasii, were found to be distinguishable by this method. M. kansasii, M. rnarinum, and M. gastri, however, have the same restriction sites for SmaI, HinfI, and FokI. M. avium and M. paratuberculosis, which are known as genetically close species (31) , have also shown the same restriction sites for NaeI, HinfI, and FokI. M. xenopi, M. fortuitum, and M. chelonae, on the other hand, have none of these four restriction sites (Fig. 5) .
DISCUSSION
In this report, we determined the nucleotide sequences of the dnaJ gene segments of 19 mycobacterial species obtained by PCR amplification. We compared these nucleotide sequences, deduced their amino acid sequences, and constructed phylogenetic trees of mycobacterial species by the distance matrix methods. We also determined the speciesspecific restriction sites, which were found to be useful for differentiating most pathogenic mycobacteria.
To amplify a common spectrum among the mycobacterial species, we used the dnaJ gene encoding one of the stress proteins, dnaJ, as a target. Stress proteins have been universally conserved from bacteria to man, and those sequences are at least 50% identical to each other at the amino acid level (1). Sequence similarity of dnaJ between Escherichia coli and M. tuberculosis is approximately 70% (14), and dnaJ proteins among the mycobacterial species are considered to be more conserved. Thus, we expected that the dnaJ gene would be suitable as a target for genus-specific PCR and identification of the mycobacterial species based on the nucleotide sequence differences.
In the present study, we found that there were several peculiar nucleotide sequence differences among the 19 amplified mycobacterial dnaJ genes. These differences have provided useful information to differentiate and discriminate the mycobacterial species. The M. tuberculosis group (including M. bovis, BCG, M. afncanum, and M. microti) is seen to form a genetically distinct cluster from the nontuberculous mycobacteria, because two portions of the nucleotide sequences are clearly different from each other. In particular, one nucleotide substitution (position 1442) accompanied by one amino acid change from glutamine to lysine is a distinctive feature, indicating the difference between the tuberculous and nontuberculous mycobacteria.
To clarify mycobacterial phylogeny and its relationship to mycobacterial taxonomy, we constructed a phylogenetic tree by the neighbor-joining method, which formed a phylogenetic tree with three major branches. To evaluate the confidence limit of the tree constructed by the neighborjoining method in this study, we made use of the bootstrapping technique (7). Where parts of the tree were weakly supported by the sequence data, different topologies (branching orders) are given. As a consequence of these analyses, the division into three groups was considered significant, because P values were less than 0.05. The first group formed a large branch consisting of the M. tuberculosis complex, M. avium, M. intracellulare, M. paratuberculosis, M. hemophilum, and M. simiae. Although known to be a member of the slowly growing photochromogens (Runyon's group I), M. simiae was found to be associated with the cluster including the slowly growing nonphotochromogens (Runyon's group 111) in our phylogenetic analysis. The second group consisted of M. chelonae, a rapid grower, as well as three slowly growing photochromogens (Runyon's group I), namely, M. kansasii, M. gastri, and M. marinum. The third group was made up of three slowly growing scotochromogens (Runyon's group 11), M. scrofdaceum, M. gordonae, and M. szulgai. However, a rapid grower, M. fortuitum, was not significantly connected with this group because the confidence limit by bootstrapping was considerably lower. M. xenopi formed an independent branch by itself. To confirm the phylogenetic relationship of the mycobacterial species based on the dnaJ sequences, we constructed another phylogenetic tree by UPGMA. The rooted phylogenetic tree was inferred, and its topological relationship was very similar to the tree inferred by the neighborjoining method except for the line consisting of M. hemo- philum. Nei pointed out that when the phylogenetic trees inferred by both the neighbor-joining method and UPGMA are the same, the phylogenetic relationship determined by the distance matrix methods seems reliable (17). Therefore, we suggest that mycobacterial phylogeny derived from the nucleotide sequence analysis of the dnaJ gene is relevant.
Recently, three groups reported a phylogenetic relationship between slow and rapid growers of the genus Mycobacterium on the basis of 16s rRNA nucleotide sequence differences (20, 23, 34) based on the dnaJ gene sequences is in better agreement with phenotypic characteristics than that based on the 16s rRNA genes as far as slowly growing species are concerned. Because the dnaJ gene is a protein-coding gene, we further constructed the phylogenetic tree inferred from the amino acid sequence differences of dnaJ by the neighbor-joining method. The topologies of the trees derived from the nucleotide and amino acid sequence analyses were very close to one another. From these observations, the phylogenetic relationship based on the 16s rRNA gene sequences seems to reflect the growth rate of fast-growing mycobacteria, whereas the phylogenetic tree derived from the dnaJ gene sequence analysis seems to reflect the chromogenic characteristics in slowly growing mycobacterial species. Recently, Wasem et al. (39) reported that when the 20 enzyme activities were detected by multilocus enzyme electrophoresis analysis of mycobacteria, the genetic clustering of the mycobacterial species correlated somewhat with the Runyon groupings. Further nucleotide sequence analyses of many other genes should be conducted to investigate the differences in phylogenetic relationship among the mycobacterial species based on protein-coding genes and RNA genes.
Finally, in this study, we also identified the speciesspecific restriction sites within the PCR products of the dnaJ gene and found that the M. tuberculosis complex can be rapidly and effectively discriminated from nontuberculous mycobacteria by PCR-RFLP analysis. The restriction mapping of the dnaJ gene products also indicated that 13 species of nontuberculous mycobacteria could be divided into nine groups with four restriction enzymes, SmaI, NaeI, HinfI, and FukI. M. avium and M. intracellulare, which cannot be differentiated by conventional culture methods, can be readily discriminated by PCR-RFLP analysis. This analysis could not differentiate several mycobacterial species by the four restriction enzyme patterns, but this should be possible when different types of restriction enzymes inferred from the dnaJ nucleotide sequences are used. Briefly, M. kansasii has an HaeI site at position 1468, M. marinum has the same enzyme site at position 1575, and M. gastri has no site for this enzyme. M. xenupi has a DraIII site at position 1585, M. furtuitum has an HaeII site at position 1473, and M. chelonae has a Sac1 site at position 1449. Recently, two groups reported that PCR and subsequent restriction enzyme pattern analysis were useful for rapid identification of mycobacteria at the species level (22, 37) . Currently, we are also applying our PCR-RFLP analysis to identification of mycobacteria in clinical samples and have already obtained evidence showing that PCR-RFLP is highly reliabIe for clinical diagnosis of mycobacterial infections.
In summary, nucleotide sequence comparison of the dnaJ gene among mycobacterial species has introduced a new phylogenetic analysis in good agreement with the conventional phenotypic classification within slowly growing species. Furthermore, PCR for the d n d gene is useful for detection and identification of mycobacteria at the species level, in particular when genus-specific PCR and subsequent restriction mapping analysis are combined.
